Nitrogen is normally the nutrient most limiting production of maize (Zea mays) -the main staple food crop -in southern Africa. We conducted a field study to determine the effect of N sources on soil nitrate dynamics at three landscape positions in farmers' fields in southern Malawi. The landscape positions were dambo valley or bottomland, dambo margin, and steep slopes. The N sources were calcium ammonium nitrate fertilizer applied at 120 kg N ha -1 , biomass from Sesbania sesban, and no added N. Sesbania biomass was produced in situ in the previous season from sesbania relay cropped with maize. Nitrate in the topsoil (0 to 15 cm depth) increased to 85 days after maize planting (mean = 48 kg N ha -1 ) and then decreased markedly. Application of N fertilizer and sesbania biomass increased soil nitrate, and nitrate-N in topsoil correlated positively with amount of incorporated sesbania biomass. The strongest correlation between sesbania biomass added before maize planting and topsoil nitrate was observed at 85 days after maize planting. This suggests that the sesbania biomass (mean N content = 2.3%) mineralized slowly. Inorganic N accumulated in the subsoil at the end of the maize cropping season when N fertilizer and sesbania were applied. This study demonstrated the challenges associated with moderate quality organic N sources produced in smallholder farmer's fields. Soil nitrate levels indicated that N was released by sesbania residues in the first year of incorporation, but relay cropping of sesbania with maize may need to be supplemented with appropriately timed application of N fertilizer.
Introduction
Soil erosion and degradation of natural resources resulting from increasing land pressure have become serious problems in Malawi. The consequence has been a rapid decline in soil fertility, crop yields, and firewood for domestic fuel. Acute land pressure over the last 10 to 15 years has resulted in accelerated clearance of much of indigenous forests and the cultivation of maize and other crops on very steep slopes of up to about 50% (JHA Maida, personal communication, 1988) . In the course of the rapid decline in soil fertility, N has become the most limiting nutrient to maize (Zea mays L.) production in Malawi .
Practices of incorporating organic materials into the soil are widely used in southern Malawi. The most common sources such as crop residues and weeds, however, are commonly low in N (Kanyama- Phiri et al., 1998) . Use of mineral fertilizer is increasingly seen as a solution to the problem of restoring soil fertility and providing food for people. However, from 1992 to 1997 the cost of farm inputs, especially mineral fertilizers, has more than doubled in Malawi (Agricultural Development and Marketing Corporation, personal communication, 1997) .
In recent years there has been interest in use of alternatives such as integration of fast-growing, N 2 -fixing trees into cropping systems to enhance N and C inputs through biomass production, biological N 2 fixation, and recycling of N. One promising tree species is sesbania [Sesbania sesban (L.) Merr.] . Sesbania contributes to the N economy of the soil through N 2 fixation and N recycling from subsoil (Yamoah, 1988; Hartemink et al., 1996) . Foliage of sesbania is an excellent source of high-quality green manure and organic N. Ghai et al. (1985) reported that sesbania within a growth period of 100 days produces biomass that supplies 39 to 85 kg N ha -1 when incorporated into soil. Sesbania is productive and effective in alley-cropping systems (Yamoah and Burleigh, 1990) . The N input and improved cycling achieved by sesbania, however, has not been characterized for a range of on-farm conditions in the southern Africa smallholder sector. This is critical because legumes often produce much lower amounts of biomass under the low-fertility, high-stress environments of farmers' fields than in research stations.
In southern Malawi, agriculture is carried out on three major landscape positions: (i) dambo valleys or bottomland near the drainage lines, (ii) dambo margins with < 12% slopes, and (iii) steep sites with > 12% slopes. Because of variations in soil characteristics across landscape positions, N requirements can vary widely within a locality. Fertilizer recommendations are for a single rate of N across landscape positions, which can result in areas of over and under application.
Past research in Malawi has not clearly quantified N requirements across landscape positions. Hence there is need to quantify soil N dynamics and N requirement in maize-based cropping systems as influenced by landscape position as well as N source. The objectives of this study were to monitor soil nitrate as a measure of N availability at different landscape positions during a maize cropping season and to evaluate soil nitrate dynamics following incorporation of sesbania biomass, as compared to N from N fertilizer.
Materials and methods
A field study was conducted in 22 farmers' fields in Songani (15 °18.5′ S, 35°23.5′ E) in Malosa Extension Planning Area in Zomba Rural Development Project, southern Malawi. The area is at about 800 m elevation with a mean annual rainfall of about 1150 mm. Soils are classified as Alfisols and Ultisols (GY Kanyama Phiri et al., Preliminary findings on adoption of agroforestry technologies by smallholder farmers in Zomba RDP. Paper presented at the agroforestry symposium held at Bvumbwe Agricultural Research Station, 24-28 October 1994), and they generally range from loamy sand to clay loam. The cropping system is dominated by maize -the staple food crop in Malawi. For this study, fields representing three different landscape positions were identified along six transects. Properties of soils at the landscape positions are reported by Phiri et al. (1999) .
Experimental design and management
This experiment was a factorial combination of three N sources (no added N, 120 kg N ha -1 as calcium ammonium nitrate, and biomass from sesbania previously relayed cropped with maize) and three landscape positions (dambo valley or bottomland, dambo margin, and steep slopes). The three N treatments were laid out in seven farmers' fields in the dambo valley and steep slope positions and eight farmers' fields in the dambo margin position. The farmers' fields in each landscape position served as replicates. Each experimental plot was 15 m by 15 m.
Three seeds of maize hybrid (MH18) were planted on ridges spaced 90 cm apart with 90 cm between planting stations on ridges. This gave a plant population of 37,000 plants ha -1 . Nitrogen fertilizer was applied as calcium ammonium nitrate at 120 kg N ha -1 in two equal split applications at 18 and 40 days after planting maize.
Sesbania was planted as a relay intercrop with maize in the previous season (1995/96) at a density of 7400 plants ha -1 . Sesbania was cut in October 1996, and non-woody biomass (leaves, pods, flowers, and twigs) was incorporated into the soil in October 1996 as described by Phiri et al. (1999) . The rate of addition of sesbania biomass depended upon the growth of sesbania, which varied for the three landscape positions (Phiri et al., 1999) . Maize was planted in December 1996, and maize grain yield was determined at maturity from net plots of 10 m by 10 m.
Soil and statistical analyses
Soil nitrate was determined at 10, 50, 85, and 130 days after maize planting. At each sampling time, soil was collected with a 6-cm diameter auger from 0-to 15-, 15-to 30-, and 30-to 45-cm depths. At the very end of the growing season (160 days after planting maize), soil were sampled from one pit in each plot at 15-cm intervals to 120-cm depth. Soil at this sampling time was analyzed for nitrate and ammonium.
For nitrate determination, 3 g of soil was extracted with 30 mL of 2 M KCl by shaking for 30 minutes. Then 1 mL of extract was diluted with 4 mL of distilled water, and absorbance was read at 210 nm using a deuterium lamp and a 1-cm-wide quartz cuvette (Cawse, 1967) . Ammonium in the soil extract was determined by the salicylate-hypochlorite colorimetric method (Anderson and Ingram, 1993) . Soil water content was determined on a subsample of soil at the time of extraction in order to calculate the dry weight of extracted soil.
At the end of the season, pits were dug in the 22 farms, and bulk density was determined at 15-cm intervals to 120-cm depth from two 100-cm 3 cores of soil collected horizontally in the side of the pit of each depth interval. The bulk density values were used to convert nitrate-N and ammonium-N values from mg kg -1 to kg ha -1 . The statistical analyses were handled as a split plot with the three landscape positions as the main plot and the three N sources as subplots. Linear regressions were conducted for each sampling date to examine the relationship of sesbania biomass produced in the relay intercrop in year 1 with nitrate in different soil depths of the same treatment in year 2.
Results and discussions

Soil nitrate
Soil nitrate in the top 15-cm and 45-cm depths was influenced by N source, particularly late in the growing season at 85 and 130 days after maize planting (Table 1) . High soil nitrate in the N fertilizer treatment resulted from application of 120 kg N ha -1 as calcium ammonium nitrate -one half at 18 days and the remainder at 40 days after maize planting. Despite the application of all fertilizer N before 50 days, soil nitrate was not significantly higher for the N fertilizer than other treatments until 85 days after planting (Tables  2 and 3) .
At 10 days after planting -before the application of N fertilizersoil nitrate in the 45-cm depth (Table 3 ), but not in the top 15-cm depth (Table 2 ), tended to be highest following sesbania. This relatively higher initial soil nitrate might have resulted from a flush of N mineralization during decomposition of incorporated sesbania biomass. By 85 days, soil nitrate was consistently higher in plots receiving sesbania than in the unfertilized control for both soil depths (Tables 2 and 3) .
Landscape position had no effect on soil nitrate except for 0-to 15-cm depth at 85 days after planting (Table 1) . Despite lower soil organic C at steep slopes than at dambo valleys and dambo margins (Phiri et al., 1999) , soil nitrate was comparable for the three landscape positions in the absence of N inputs at all sampling times. With N inputs as either N fertilizer or sesbania biomass, soil nitrate at 85 days was higher in the dambo valley and dambo margin than on steep slopes (Table 2) . When deeper soil layers were taken into account, however, all the landscape positions had comparable soil nitrate levels at 85 days (Table 3) . (5) 19 (13) 97 (47) 06 (5) Sesbania 17 (12) 18 (14) 65 (32) 06 (2) Dambo margin No added N 15 (7) 16 (14) 19 (13) 04 (3) N fertilizer 12 (6) 23 (16) 81 (28) 10 (7) Sesbania 15 (9) 20 (16) 53 (20) 04 (2) Steep slope No added N 17 (6) 17 (15) 22 (16) 05 (3) N fertilizer 20 (15) 27 (21) 41 (18) 07 (8) Sesbania 21 (9) 24 (19) 33 (4) 07 (5) a Numbers in parentheses are standard deviations. (14) 55 (14) 087 (40) 11 (5) Soil nitrate increased during the middle of the growing season and decreased towards the end of the season. The decline in nitrate at the end of the season can be attributed to N uptake by maize and possibly other N sinks, such as leaching and denitrification. Moutonnet and Fardeau (1997) observed a similar pattern in nitrate changes during a maize-growing season on a Calcic Fluvisol.
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The high soil nitrate at 85 days in the sesbania treatments suggests that the bulk of the mineralization of sesbania biomass occurred relatively late in the growing season. Nitrogen mineralization of sesbania biomass was not limited by low soil water content because rainfall following maize planting in December (Phiri et al., 1999) was sufficient for N mineralization early in the growing season. Relatively slow release of N from the incorporated sesbania biomass might be associated with the poor quality of the biomass because it contained twigs and pods as well as leaves. The sesbania in our study, which was grown and managed by farmers, might also be of lower quality than the leafy biomass of sesbania produced in research station trials, where relatively rapid mineralization has been observed (Snapp et al., 1998) . The period of high N demand by maize -late vegetative and early reproductive growth -was nonetheless synchronized with the apparent maximum N supply from sesbania biomass in our study.
Because of low maize yields at these on-farm sites (Phiri et al., 1999) , excess added N might accumulate in the soil at the end of the growing season. Figure 1 shows that N from the added N fertilizer accumulated as inorganic N at all soil depths to 120 cm. Nitrogen from added sesbania also accumulated as inorganic N in the soil, but it was essentially confined above 60-cm depth. These results suggest that some added N leached into the subsoil, and the leaching of added N to deep soil layers appeared to be more serious with N fertilizer than sesbania. These data agree with findings of Olsen et al. (1970) that considerable quantities of N accumulate as nitrate in the soil profile in the dry regions, when high rates of N were applied. Other researchers in Malawi have suggested that N losses on smallholder farms, whether from organic or inorganic N sources, are primarily due to leaching (Thornton et al., 1995) .
High variability in the soil nitrate data is not unexpected (Weber et al., 1995) given the wide range of management employed by farmers in this farmer-managed trial and the diversity of soil environments encountered (Kanyama-Phiri et al., 1998) . High variability in the nitrate data might account for the few observed effects of landscape position on soil nitrate. However, despite the challenges associated with high spatial variability, pronounced effects of sesbania and N fertilizer on soil nitrate could be detected.
Sesbania biomass and soil nitrate relationships
Maize grain yield for the sesbania treatment (mean = 1.7 Mg ha -1 ) was comparable to grain yield for N fertilizer treatment (mean = 2.1 Mg ha -1 ) and much higher than yield without N inputs (mean = 0.5 Mg ha -1 ). The ability of sesbania biomass to release N for maize growth is supported by the levels of soil nitrate, which were directly related to the amount of incorporated sesbania biomass.
At 85 days after maize planting, when soil nitrate peaked, soil nitrate in the top 15 cm was directly related to the amount of sesbania biomass incorporated before planting maize (Figure 2) . The relationship was better represented by a logarithmic (r 2 = 0.75) than a linear fit (r 2 = 0.53). At 130 days, soil nitrate in the top 15 cm was not longer correlated with added sesbania biomass, but nitrate in the top 45 cm remained directly related to added sesbania biomass (Figure 3) . By 130 days, much of the added N in the topsoil had either been taken up by maize or leached to lower soil layers.
Conclusions
New soil-fertility recommendations and technologies based on combinations of organic and inorganic inputs should consider the temporal patterns in N availability from the inputs. The relatively slow build-up of soil nitrate fol- lowing incorporation of sesbania in our study suggests that a basal application of N fertilizer may combine well with sesbania-maize relay cropping system. The basal fertilizer would supply N for early maize growth whereas N released from sesbania could supply N for the later N demand of maize. This is in contrast with suggested combinations of inorganic and organic fertilizer based on the use of high-quality organic sources for a rapid supply of available N (Snapp et al., 1998) . For example, mixed cropping systems with gliricidia [Gliricidia sepium (Jacq.) Walp.] face the challenge of excess early release of N and insufficient N later in the growing season to meet the N demand of maize (S Ikerra and J Maghembe, personal communication, 1997) .
Our results suggest that farmers should consider the appropriate timing of fertilizer applications in combination with organic-based technologies for soil-fertility improvement. Farmers in the Songani watershed of Malawi are experimenting with researchers on different combinations of fertilizer timing with organic inputs (Kanyama-Phiri et al., 1998) in order to match the N supply from organic and inorganic sources with crop's requirement for N.
